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We investigate the controllability of electromagnetically induced transparency (EIT) and Fano
resonances in hybrid optomechanical system which is composed of cigar-shaped Bose-Einstein con-
densate (BEC) trapped inside high-finesse Fabry-Pe´rot cavity driven by a single mode optical field
along the cavity axis and a transverse pump field. Here, transverse optical field is used to control
the phenomenon of EIT in the output probe laser field. The output probe laser field can efficiently
be amplified or attenuated depending on the strength of transverse optical field. Furthermore, we
demonstrate the existence of Fano resonances in the output field spectra and discuss the controlled
behavior of Fano resonances using transverse optical field. To observe this phenomena in laboratory,
we suggest a certain set of experimental parameters.
PACS numbers: 42.50.Pq, 42.50.Gy, 42.25.Bs, 37.10.Vz
I. INTRODUCTION
Over a few years, Cavity-optomechanics, a rapidly
developing area of research, has made a remarkable
progress. A stunning manifestation of optomechanical
phenomena is in exploiting the mechanical effects of light
to couple the optical degree of freedom with mechanical
degree of freedom [1]. In this regard, a milestone was
achieved by the demonstration of optomechanics when
other physical objects, most notably cold atoms or Bose-
Einstein condensate (BEC), were trapped inside cavity-
optomechanics [2, 3]. Through several investigations, dif-
ferent aspects of BEC have made spectacular contribu-
tions in understanding the complex systems[5–8]. In op-
tomechanical systems coupling is obtained by radiation
pressure [9, 10] and indirectly via quantum dot [11] and
ions [12]. Optomechanics helps mechanical effects of light
to cool the movable mirror to its quantum mechanical
ground state [13–17] and provides a platform to study
strong coupling effects in hybrid systems [18–20]. Re-
cent magnificent discussions and simulations on bistable
behavior of BEC-optomechanical system [21], high fi-
delity state transfer [22, 23], entanglement in cavity-
optomechanics [24–28], dynamical localization in field
of cavity-optomechanics [29] and the coupled arrays of
micro-cavities [30] provide clear understanding for cavity-
optomechanics.
Recently, electromagnetically induced transparency
(EIT), a phenomenon of direct manifestation of quantum
coherence [31, 32], has been extensively investigated and
has provided a lot of remarkable applications [33, 34].
In atomic system, the EIT occurs due to quantum in-
terference effects induced by coherently driving atomic
wavepacket with an external pump laser field [35]. The
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EIT effect has been theoretically investigated in optome-
chanical system [36, 37] and later experimentally verified
in both optical [38, 39] and microwave [40] domains. The
Fano resonances [41] have played an important role in
understanding the photo-electron spectra [42] in atomic
physics and have made a magnificent contribution in the
latest field of plasmonics [43]. Fano resonances have also
been investigated in hybrid cavity-optomechanics by us-
ing different configuration [44, 45].
In this paper, we investigate the controlled behavior
of electromagnetically induced transparency (EIT) and
Fano Resonances in hybrid BEC-optomechanical system
which is composed of cigar-shaped Bose-Einstein conden-
sate (BEC) trapped inside high-finesse Fabry-Pe´rot cav-
ity, with one fixed mirror and one moving-end mirror
with maximum amplitude q0, driven by a single mode
optical field η along the cavity axis and a transverse
pump field η⊥. Transverse optical field is used to control
the phenomenon of electromagnetically induced trans-
parency (EIT) in the output probe laser field. By observ-
ing output probe field spectra, we show that the probe
laser field can efficiently be amplified or attenuated de-
pending on the strength of transverse optical field η⊥.
Furthermore, we demonstrate the existence of Fano res-
onances by solving output field spectra and discuss the
controlled behavior of Fano resonances using transverse
optical field. To observe this phenomena in laboratory,
we have suggested a certain set of experimental parame-
ters.
In this paper, the mathematical model of the hybrid
BEC-optomechanical system is presented in section II. In
section III, we derive the Langevin equation to introduce
the dissipation effects in the intra-cavity field, damping
associated with moving-end mirror and depletion of BEC
in the system via standard quantum noise operators. In
section IV, we discuss EIT in output probe field of the
hybrid cavity-optomechanics and explain controlled be-
havior of EIT with transverse optical field. In section V,
we demonstrate the existence of fano resonances and de-
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FIG. 1: (Color online) Cigar-shaped Bose-Einstein conden-
sate (BEC) is trapped inside a Fabry-Pe´rot cavity of length L
with a fixed mirror and a moving-end mirror, with frequency
ωm and having maximum amplitude of q0, driven by a single
mode optical field with frequency ωp. Intracavity field, with
frequency ωc, interacts with BEC and due to photon recoil,
the momentum side modes are generated in the matter wave.
To observe electromagnetically induced transparency (EIT)
in output field spectra, we use external probe field with fre-
quency ωpp. Ep corresponds to the power of external probe
field. We use another transverse field, with intensity η⊥, to
control the output spectral dynamics of optomechanical sys-
tem.
scribe their controllability by using transverse optical
field. The results are summarized in section-VI.
II. BEC-OPTOMECHANICS
We consider a Fabry-Pe´rot cavity of length L with a
fixed mirror and a moving-end mirror driven by a single
mode optical field with frequency ωp, as shown in Fig. 1.
Cigar-Shaped BEC, with N-two level atoms, is trapped
inside optical cavity [2, 46, 47]. Moreover, optomechani-
cal system consists of a transverse optical field, with in-
tensity η⊥ and frequency ω⊥, which interacts perpen-
dicularly with BEC [48–52]. Counter propagating field
inside the cavity forms a one-dimensional optical lattice.
The moving-end mirror has harmonic oscillations with
frequency ωm having a maximum amplitude q0 and ex-
hibits Brownian motion in the absence of coupling with
radiation pressure.
The complete Hamiltonian of the system consists of
three parts,
Hˆ = Hˆm + Hˆa + HˆT , (1)
where, Hˆm is related to the intra-cavity field and its cou-
pling to the moving-end mirror, Hˆa describes the BEC
and its coupling with intra-cavity field while, HˆT ac-
counts for noises and damping associated with the sys-
tem. The Hamiltonian Hˆm is given as [53],
Hˆm = ~△ccˆ†cˆ+ ~ωm
2
(pˆ2 + qˆ2)− gm~cˆ†cˆqˆ − i~η(cˆ− cˆ†)
− i~Ep(cˆei∆p − cˆ†e−i∆p), (2)
where, first term corresponds to the energy of the intra-
cavity field, ∆c = ωc − ωp is detuning, ωc is intra-cavity
field frequency and cˆ† (cˆ) are creation (annihilation) op-
erators for intra-cavity field interacting with mirror and
condensates with commutation relation [cˆ, cˆ†] = 1. Sec-
ond term accounts for the energy of moving-end mir-
ror. Here qˆ and pˆ are representing dimensionless position
and momentum operators respectively, for moving-end
mirror with commutation relation [qˆ, pˆ] = i, which re-
veals the value of the scaled Planck’s constant, ~ = 1.
As intra-cavity field is coupled with moving-end mir-
ror through radiation pressure so third term represents
coupled energy of moving-end mirror with field. Here
gm =
√
2(ωc/L)x0 is the coupling strength and x0 =√
~/2mωm, is zero point motion of mechanical mirror
having mass m. Second last term gives relation be-
tween the intra-cavity field and the external pump field
|η| = √Pinκ/~ωp, where, P is the input laser power
and κ is cavity decay rate associated with out-going
modes. Last term is associated with external probe field
and Ep is related to the power of the probe field as
|Ep| =
√
Ppκ/~ωp. ∆p = ωp − ωl is the detuning of
external probe laser field with external pump field.
The Hamiltonian for BEC and its coupling with intra-
cavity field (Ha), in strong detuning regime and in the
rotating frame at external field frequency is derived by
considering quantized motion of atoms along with the
cavity axis. We assume that BEC is dilute enough and
many body interaction effects are ignored[49, 51]. Here,
Hˆa =
∫
ψˆ†(x)[− ℏd
2
2madx2
+ ℏU0cˆ
†cˆ cos2 kx
+ ~η⊥cos(kx)(cˆ† + cˆ)]ψˆ(x)dx, (3)
ψˆ(ψˆ†) is bosonic annihilation (creation) operator and
U0 = g
2
0/∆a, g0 is the vacuum Rabi frequency, ∆a is
far-off detuning between field frequency and atomic tran-
sition frequency. [Note: in equation 3, we have not con-
sidered for now the effects of harmonic trap causing the
confinement of atoms inside the cavity.] Furthermore,
ma is mass of an atom, ω0 is atomic transition frequency
and k = ωp/c is the wave number. η⊥ = g0Ωp/∆a is
the coupling of BEC with transverse field and represents
maximum scattering and Ωp is the Rabi frequency of the
transverse pump field. Due to field interaction with BEC,
photon recoil takes place that generates symmetric mo-
mentum ±2l~k side modes, where, l is an integer. In the
weak field approximation, we consider low photon cou-
pling. Therefore, only lowest order perturbation of the
wave function will survive and higher order perturbation
will be ignored. So, ψˆ is defined depending upon these
0th, 1st and 2nd modes [21] as,
ψˆ(x) =
1√
L
[bˆ0 +
√
2cos(kx)bˆ1 +
√
2cos(2kx)bˆ2], (4)
here, bˆ0,bˆ1 and bˆ2 are annihilation operators for 0
th , 1st
and 2nd modes respectively. By using ψˆ(x) defined above
3in Hamiltonian Ha, we write the Hamiltonian governing
the field-condensate interaction as,
Hˆa = ωrbˆ1
†
bˆ1 + 4ωrbˆ2
†
bˆ2 +
~U0
4
cˆ†cˆ[
√
2(bˆ0
†
bˆ2 + bˆ2
†
bˆ0)
+ 2N + bˆ1
†
bˆ1] +
~η⊥
2
(cˆ† + cˆ)[
√
2(bˆ0
†
bˆ1
+ bˆ1
†
bˆ0) + (bˆ1
†
bˆ2 + bˆ2
†
bˆ1)]. (5)
The sum of particles in all momentum side modes is,
bˆ0
†
bˆ0 + bˆ1
†
bˆ1 + bˆ2
†
bˆ2 = N , where, N is the total num-
ber of bosonic particles. As population in 0th mode is
much larger than the population in 1st and 2nd order
side modes, therefore, we can comparatively ignore the
population in 1st and 2nd order side modes and can write
bˆ0
†
bˆ0 ≃ N or bˆ0 and bˆ0
† →
√
N . This is possible when
side modes are weak enough to be ignored. Moreover,
for Bogoliubov mode expansion, we consider small in-
teraction of intra-cavity field with BEC so, that atomic
mode can perform motion analog to the moving-end mir-
ror of the system. Under these assumptions, we recover
the cavity-optomechanics-like Hamiltonian discussed in
Ref.[2] and [21] and given as,
Hˆa =
~U0N
2
cˆ†cˆ+
~Ω
2
(Pˆ 2+Qˆ2)+ga~cˆ
†cˆQˆ+~ηeff Qˆ(cˆ†+cˆ).
(6)
First term accommodates the potential energy for con-
densate in intra-cavity field. We assume large atom-field
detuning ∆a, so that, the excited atomic levels can be
adiabatically eliminated. Second term describes the mo-
tion atomic momentum side modes exited by radiation
pressure. It can be observed that the atomic side modes
are analogous of a mirror whose motion is driven by radi-
ation pressure. Pˆ = i√
2
(bˆ2− bˆ†2) and Qˆ = 1√2 (bˆ2+ bˆ
†
2) are
dimensionless momentum and position operators for such
atomic mirror with canonical relation, [Qˆ, Pˆ ] = i and Ω =
4ωr = 2~k
2/ma, is recoil frequency of an atom. Third
term in equ.(6) describes coupled energy of field and con-
densate with coupling strength ga =
ωc
L
√
~/mbec4ωr,
where, mbec = ℏω
2
c/(L
2NU20ωr) is the side mode mass
of condensate. The last term accounts for the coupling
of BEC with transverse field and ηeff =
√
nη⊥ is trans-
verse coupling strength. From equ.6, it can be noted that
in the absence of transverse optical field, when there is
no excitation for cos(kx), we recover the same expression
for atomic mode of the cavity-optomechanics as in Ref.[2]
and [21].
III. LANGEVIN EQUATIONS
The Hamiltonian HˆT describes the effects of dissipa-
tion in the intra-cavity field, damping of moving-end mir-
ror and depletion of BEC in the system via standard
quantum noise operators [54]. The total Hamiltonian
H leads to develop coupled quantum Langevin equations
for optical, mechanical (moving-end mirror) and atomic
(BEC) degrees of freedom.
dcˆ
dt
= ˙ˆc = (i∆0 + igmqˆ − igaQˆ− κ)cˆ+ iηeff Qˆ
+ η + Epe
−i∆pt +
√
2κcin, (7)
dpˆ
dt
= ˙ˆp = −ωmqˆ + gmcˆ†cˆ− γmpˆ+ fˆB, (8)
dqˆ
dt
= ˙ˆq = ωmpˆ, (9)
dPˆ
dt
=
˙ˆ
P = −4ωrQˆ− gacˆ†cˆ− γrPˆ + fˆ1m, (10)
dQˆ
dt
=
˙ˆ
Q = 4ωrPˆ − γrQˆ+ fˆ2m. (11)
∆˜ = ∆c −NU0/2 is the effective detuning of the system
and aˆin is Markovian input noise associated with intra-
cavity field. The term γm describes mechanical energy
decay rate of the moving-end mirror and fˆB is Brownian
noise operator associated with the motion of moving-end
mirror [55]. The term γr represents damping of BEC due
to harmonic trapping potential which affects momentum
side modes while, fˆ1m and fˆ2m are the associated noise
operators assumed to be Markovian. We consider posi-
tions and momenta as classical variables. To write the
steady state values of of the operator, we assume optical
field decay at its fastest rate so that the time derivative
can be set to zero in equation (7). The static solutions
are given as,
cs =
η + iηeffQ
κ+ i(∆a − gmq + gaQ) , (12)
qs =
gmc
†c
ωm
, (13)
ps = 0, (14)
Qs =
−gac†c
4ωr[1− γr/4ωr] , (15)
Ps =
γr
4ωr
Qs (16)
where cs, qs and Qs represent the steady-state solution
of intra-cavity field, the mechanical mirror displacement,
and the position of the BEC mode, respectively. To ob-
serve output field spectra, we deal with the mean re-
sponse of the system to the probe field in the presence
of the coupling field and transverse field. First, we lin-
earized quantum Langevin equations by inserting ansatz
ˆc(t) = cs + δc(t), ˆq(t) = qs + δq(t), ˆp(t) = ps + δp(t),
ˆQ(t) = Qs + δQ(t) and ˆP (t) = Ps + δP (t) in Langevin
equations and taking care of only first-order terms in
fluctuating operators δc(t), δq(t), δp(t), δQ(t) and δP (t).
The linearized quantum Langevin equations are obtained
4as,
δc˙(t) = −(κ+ i∆)δc(t) +Gmδq(t) −GaδQ(t)
+ iηeffδQ(t) + Epe
−i∆pt +
√
2κcin, (17)
δc˙†(t) = −(κ− i∆)δc(t) +Gmδq(t) −GaδQ(t)
− iηeffδQ(t) + Epei∆pt +
√
2κcin, (18)
δq˙(t) = ωmδp(t), (19)
δp˙(t) = −ωmδq(t) +Gm(δc(t) + δc†(t))
− γmδp(t) + fˆB, (20)
δQ˙(t) = ωrδP (t) + fˆ2m, (21)
δP˙ (t) = −ωmδQ(t) +Ga(δc(t) + δc†(t))
− γrδP (t) + fˆ1m, (22)
where, ∆ = ∆0 − gmq + gaQ is the effective detuning
of the system and Gm = gm|cs|, Ga = ga|cs| are the
effective coupling of optical field with the moving-end
mirror and the condensate mode, respectively. To solve
mean value equation of the system, we write expectation
value of operators in form O = Σn=∞n=−∞e
−nωtOn, here O
is a generic operator. < δc(t) >, < δq(t) >, < δp(t) >,
< δQ(t) > and < δP (t) > are the expectation values
corresponding to fluctuating operators δc(t), δq(t), δp(t),
δQ(t) and δP (t), respectively.
To solve linearized quantum Langevin equations, we
assume that the coupling of external pump field η is much
stronger than the coupling of external probe field Ep. Un-
der this assumption, the solutions of linearized Langevin
equations can be approximated to the first order external
probe field by ignoring all higher order terms of Ep. So,
the solution for intra-cavity probe field is now given as,
c˜+ =
Ep
X(∆p)Y (∆p)
[Y (∆p) + (κ+ i(∆ +∆p)
+ X(∆p))(κ− i(∆−∆p) +X(∆p))], (23)
c˜− = Ep[
κ− i(∆ +∆p) +X∗(∆p)
Y ∗(∆p)
], (24)
where,
X(∆p) = −G
2
aωr + iGaηeffωr
ω2r −∆2p + iγr∆p
− G
2
mωm
ω2m −∆2p + iγm∆p
, (25)
Y (∆p) = −∆2 − κ2 − 2iκ∆p +∆2p
+
2ωrG
2
a(κ+ i∆p)− 2ωr∆ηeffGa
iγr∆p −∆2p + ω2r
+
2κωmG
2
m
iγm∆p −∆2p + ω2m
. (26)
Eq.23 and Eq.24 clearly describe the dependence of
output field spectra on the coupling of different degrees of
freedom. In particular, we can observe the rule of trans-
verse optical field coupling with BEC mode in output
field. Furthermore, to investigate the EIT-like behavior,
we write output field spectra by using input-output rela-
tion cout =
√
2κc− cin [54], where cin and cout represent
input and output field, respectively. Moreover, we ignore
quantum noises associated with cout and cin as discussed
earlier. The out-going optical field can be expressed as,
< cout > = c0 + c+Epe
−i∆pt + c−E∗pe
i∆pt (27)
By using above relation and input-output field relation,
we describe the components of output field spectra at
probe field frequency and Stokes frequency as,
c+ =
√
2κc˜+ + 1,
c− =
√
2κc˜−, (28)
respectively. In the absence of optical coupling with
moving-end mirror and BEC mode, the output field spec-
tra at probe frequency and stokes frequency is given as,
c− =
2κ
κ+ i(∆−∆p) , (29)
c+ = 0. (30)
IV. CONTROLLABLE EIT IN OUTPUT FIELD
The hybrid BEC-optomechanical system shown in
Fig.1 is simultaneously driven by external pump field
with frequency ωp and probe field with frequency ωpp,
generating radiation pressure force which oscillates at
frequency difference ∆p = ωpp − ωp. When this resul-
tant force oscillates with frequency close to the frequency
of mechanical mode (moving-end mirror) ωm or atomic
mode (BEC) 4ωr, it gives rise to the Stokes and anti-
Stokes scatterings of light from the strong intra-cavity
standing field. But the Stokes scattering is strongly
suppressed because conventionally, optomechanical sys-
tems are operated in resolved-sideband regime κ << ωm,
which is off-resonant with Stokes scattering and so only
anti-Stokes scattering survives inside the cavity. There-
fore, due to the presence of probe field and pump field
inside the system, electromagnetically induced trans-
parency (EIT) like behavior appears in the output field
spectra.
To make this study of tunable EIT and Fano res-
onances in hybrid BEC-Optomechanics experimentally
feasible, we choose a regime of particular parameters very
close to the recent experimental studies [1, 2, 47]. In ad-
dition, we consider the parameters such that the system
remain in stable regime as discuss in Ref. [50, 51]. We
consider N = 2.3×104 87Rb atoms trapped inside Fabry-
Pe´rot cavity with length L = 1.25× 10−4, driven by sin-
gle mode external field with power Pin = 0.0164mW ,
frequency ωp = 3.8 × 2pi × 1014Hz and wavelength
λp = 780nm. The intra-cavity optical mode oscillates
with frequency ωc = 15.3×2pi×1014Hz, with intra-cavity
decay rate κ = 1.3×2pikHz. The vacuum Rabi frequency
of the system is considered as, U0 = 3.1 × 2piMHz.
Intra-cavity field produces recoil of ωr = 3.8 × 2pikHz
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FIG. 2: (Color online) The absorption and dispersion quadra-
tures of the output field spectra C− are demonstrated as
a function of probe detuning ∆p/ωm and in the absence
of of transverse optical field coupling ηeff/κ = 0. (a) de-
scribe the behavior of single-EIT in real quadrature of out-
put probe field with various coupling strengths Ga/ωm = 0,
Gm/ωm = 0 (blue curve), Ga/ωm = 0.02, Gm/ωm = 0 (red
curve), and Ga/ωm = 0.03, Gm/ωm = 0 (green curve). (b)
contains similar behavior in imaginary quadrature of output
probe field with different couplings Ga/ωm = 0, Gm/ωm = 0
(blue curve), Ga/ωm = 0.02, Gm/ωm = 0 (red curve), and
Ga/ωm = 0.03, Gm/ωm = 0 (green curve). The effective de-
tuning of the system is ∆ = 0.52×2piMHz and the frequency
of moving-end mirror is considered as, ωm = 1.02× 2piMHz.
The atomic mode and mechanical mode damping are γr =
0.21× 2pikHz and γm = 1.1× 2pikHz, respectively. The cav-
ity optical decay is κ = 1.3× 2pikHz.
in atomic mode trapped inside cavity with damping rate
γr = 0.21 × 2pikHz. The moving-end mirror of cavity
should be a perfect reflector and oscillates with frequency
ωm = 1.02× 2piMHz with damping γm = 1.1× 2pikHz.
From given parameters, one can observe that the system
is in resolved-sideband regime because ωm >> κ, this
condition is also referred to good-cavity limit.
The real (Re[C−]) and imaginary (Im[C−]) quadra-
tures of out-going probe field as a function of probe-
cavity detuning are discussed in Fig2, in the absence
of transverse field coupling ηeff/κ = 0. Here, Re[C−]
and Im[C−] accounts for in-phase and out-phase, respec-
tively, quadratures of output field spectra and also re-
ferred to the absorption and dispersion behavior of out-
going optical mode. Fig.2(a) and Fig.2(b) demonstrate
the single-EIT behavior of such absorption and disper-
sion quadratures, respectively, of output field spectra for
different coupling strengths Ga/ωm = 0, Gm/ωm = 0
(blue curve), Ga/ωm = 0.02, Gm/ωm = 0 (red curve),
and Ga/ωm = 0.03, Gm/ωm = 0 (green curve). To ob-
serve single-EIT behavior, we have considered the case
when system is only coupled to the intra-cavity atomic
mode or BEC and the coupling of moving-end mirror
with intra-cavity optical mode is zero. The EIT behavior
in cavity-optmechanics with coupled mirror have already
been discussed in previous works like[36, 38, 39, 44]. We
consider that the optomechanical system is being oper-
ated in strong coupling regime which means intra-cavity
optical mode is strongly coupled to atomic mode of the
system. When collective density excitation of atomic
mode of cavity became resonant with intra-cavity opti-
cal mode, it cause strong coupling between atomic mode
and system. It is only possible when the strength of
coupling between single atom and single photon of the
cavity g0 = 10.9 × 2piMHz is larger than both decay
rate of the atomic excited state γr = 0.21 × 2pikHz
as well as intra-cavity field decay κ = 1.3 × 2pikHz
(g0 >> γa, κ)[2, 39]. We can also note from mathe-
matical expression of atomic coupling that the strength
of atomic mode coupling is directly proportional to the
vacuum Rabi frequency (Ga ∝ U0 = g20/∆a).
In Fig.2, one can easily observe there are no signatures
of EIT in absorption and dispersion spectra of output
field (blue curves) when intra-cavity field is not coupled
with mechanical mode and condensate mode (Ga/ωm =
0, Gm/ωm = 0). While in red curve, the single-EIT
window appears in output probe field due to intra-
cavity optical mode coupling with atomic mode (BEC)
(Ga/ωm = 0.02), however, coupling of intra-cavity field
with mechanical mode is kept zero Gm/ωm = 0. Green
curve shows the enhancement in single-EIT window in
output probe field by increasing the coupling strength to
Ga/ωm = 0.03. These results clearly prove the existence
of single-EIT window in output probe field when intra-
cavity optical mode is only coupled to atomic mode of
cavity-optomechanics.
Fig.3 describes the EIT behavior in the output field
spectra of the optomechanical system in presence of
probe detuning ∆p/ωm and transverse optical field
ηeff/κ. Fig.3(a) and Fig.3(d) represent absorption (real)
and dispersion (imaginary) quadratures, respectively, of
output probe field in the absence of transverse field
ηeff/κ = 0 with various coupling strengths Ga/ωm = 0,
Gm/ωm = 0 (blue curve), Ga/ωm = 0.08, Gm/ωm = 0.05
(red curve), and Ga/ωm = 0.1, Gm/ωm = 0.08 (green
curve). Results show that there are no signs of EIT-
like behavior in absorption and dispersion spectra of
output field (blue curves) when system is isolated form
mechanical mode and condensate mode (Ga/ωm = 0,
Gm/ωm = 0). On the other hand, in red curve, two
EIT windows appear in output probe field because the
optical mode of the system is now coupled to both me-
chanical mode (moving-end mirror) (Gm/ωm = 0.05) as
6(c)
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FIG. 3: (Color online) The real and imaginary quadratures of the output probe field C− are presented as a function of probe
detuning ∆p/ωm and transverse optical field ηeff/κ. (a) and (d) accommodate double-EIT behavior in real and imaginary
quadratures, respectively, in the absence of transverse field ηeff/κ = 0 and with various coupling strengths Ga/ωm = 0,
Gm/ωm = 0 (blue curve), Ga/ωm = 0.08, Gm/ωm = 0.05 (red curve), and Ga/ωm = 0.1, Gm/ωm = 0.08 (green curve). (b)
and (e) demonstrate single-EIT windows with coupling strengths Ga/ωm = 0.03, Gm/ωm = 0, as a function of transverse field
strengths ηeff/κ = 0 (blue curve), ηeff/κ = 0.02 (red curve) and ηeff/κ = 0.03 (green curve). Similarly, (c) and (f) show
double-EIT behavior of output field spectra with coupling Ga/ωm = 0.1, Gm/ωm = 0.08, as a function of transverse field
strengths ηeff/κ = 0 (blue curve), ηeff/κ = 0.02 (red curve) and ηeff/κ = 0.03 (green curve). The remaining parameters are
same as in Fig.2.
well as to the condensate mode with coupling strength
Ga/ωm = 0.08. Such behavior is also known as double-
EIT response of output field [44, 45]. When system is
coupled to atomic mode and mechanical mode at the
same time and optical mode of the system become reso-
nant to both these modes, it gives rise to anti-Stokes scat-
tering inside the system causing appearance of another
EIT window in output field. Green curves in Fig.3(a)
and (d) demonstrate similar behavior double-EIT when
the coupling strengths are increased to Ga/ωm = 0.1,
Gm/ωm = 0.08. We observe that the quadratures of
double-EIT behavior are increased by increasing coupling
strengths. Given results in Fig.3(a) and (d) show such
double-EIT behavior in output field when optomechani-
cal system is coupled to moving-end mirror of the system
and BEC trapped inside the system.
Fig.3(b) and Fig3(e) demonstrate single-EIT behav-
ior in absorption and dispersion quadratures, respec-
tively, of output probe field under the influence of trans-
verse optical field ηeff/κ when intra-cavity optical mode
is coupled to condensate mode with coupling strength
Ga/ωm = 0.03 while the coupling of optical mode with
moving-end mirror is zeroGm/ωm = 0. [Note: we cannot
observe transverse optical field effects on single-EIT when
intra-cavity optical degree of freedom is only coupled to
the moving-end mirror, as shown in single-EIT results
in previous works like [36, 38, 39, 44], because trans-
verse optical field is only interacting with BEC trapped
inside the cavity. Therefore, we only consider conden-
sate mode coupling while studying effects of transverse
field on single-EIT.] Blue curves show single-EIT win-
dows in output probe field in the absence of transverse
optical field ηeff/κ = 0. On the other hand, red and
green curves demonstrate the effects of transverse field
strengths ηeff/κ = 0.02 and ηeff/κ = 0.03, respectively,
on the single-EIT behavior. When transverse field pho-
ton interacts with atomic mode of the system, it gives rise
to the total photon number n inside the cavity by scat-
tering transverse photons into the system, which leads to
another nonlinear contribution to the anti-Stokes scatter-
ings and enhance the EIT behavior in output field. We
can observe such effects of transverse field in the results
that the strength of single-EIT is efficiently amplified by
increasing the strength of transverse optical field.
Similarly, Fig.3(c) and Fig3(f) represent double-EIT
behavior in absorption and dispersion quadratures re-
spectively, of output probe field as a function of trans-
verse optical field ηeff/κ when intra-cavity optical mode
is coupled to both condensate mode with coupling
strength Ga/ωm = 0.1 and to the moving-end mirror
is Gm/ωm = 0.08. Blue curves in both these figures de-
scribe double-EIT behavior in the absence of transverse
7(a)
(b)
FIG. 4: (Color online) Single-Fano resonances are shown in
the absorption (real) and dispersion (imaginary) profile of
output probe field in the absence of transverse field coupling,
as a function of normalized probe field detuning ∆p/ωm and
normalized effective detuning of the system ∆/ωm with cou-
pling Ga/ωm = 0.03 and Ga/ωm = 0. (a) demonstrates ab-
sorption spectra of output field with different values of ef-
fective detuning ∆/ωm = 0.84 (blue curve), ∆/ωm = 0.87
(red curve) and ∆/ωm = 0.90 (green curve). Similarly, (b)
shows dispersion behavior of output field with effective detun-
ing ∆/ωm = 0.99 (blue curve), ∆/ωm = 1.02 (red curve) and
∆/ωm = 1.06 (green curve). All other parameters are same
as in Fig.2.
field ηeff/κ = 0. Besides, red and green curves represent
double-EIT with transverse field strengths ηeff/κ = 0.02
and ηeff/κ = 0.03, respectively. We can observe, like
single-EIT results, double-EIT windows are enhanced by
increasing the transverse optical coupling. Therefore, in
accordance to these results, we can confidently state that
by increasing transverse optical field coupling, we can
enhance the phenomenon of electromagnetically induced
transparency (EIT) in hybrid BEC-optomechanics.
V. TUNABLE FANO RESONANCES
The formation of Fano resonance in the output opti-
cal mode of hybrid optomechanical system is a fascinat-
ing phenomenon caused by quantum mechanical interac-
tion between different degrees of freedom of the system
[44, 45]. The constructive and destructive quantum inter-
ferences among narrow discrete intra-cavity optical reso-
nances are the foundation of Fano resonances in output
(a)
(b)
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FIG. 5: (Color online) Double-Fano resonances are presented
in the absorption (real) and dispersion (imaginary) profile
of output probe field in the absence of transverse field cou-
pling, as a function of normalized probe field detuning ∆p/ωm
and normalized effective detuning of the system ∆/ωm with
coupling Ga/ωm = 0.1 and Ga/ωm = 0.08. (a) shows real
quadrature of output field under different effective detuning
strengths ∆/ωm = 0.83 (blue curve), ∆/ωm = 0.85 (red
curve) and ∆/ωm = 0.97 (green curve). On the other hand,
(b) presents imaginary quadrature of output field with effec-
tive detuning values ∆/ωm = 1.05 (blue curve), ∆/ωm = 1.1
(red curve) and ∆/ωm = 1.15 (green curve). Remaining pa-
rameters are same as in Fig.2.
of such complex systems. The transverse field effects on
EIT presented in Fig.2 and Fig.3 are similar to the single
and double-Fano resonances but tuned by transverse op-
tical field. We conventionally observe Fano line shapes in
EIT windows by tunning effective detuning of the system.
The variation in effective detuning of the system brings
change to the anti-Stokes scatterings which causes the
shift in EIT window. In following, we demonstrate Fano
behavior of system output field with respect to different
parameters.
Fig.4 shows single-Fano resonances in the absorp-
tion (real) and dispersion (imaginary) profile of output
probe field in the absence of transverse field coupling
ηeff/κ = 0, as a function of normalized probe field
detuning ∆p/ωm and normalized effective detuning of
the system ∆/ωm. The coupling of intra-cavity optical
mode with atomic mode is Ga/ωm = 0.03 while, the cou-
pling of optical mode with mechanical mode is kept zero
(Gm/ωm = 0). which means, optomechanical system is
only coupled to the condensate mode trapped inside the
8(a)
(b)
FIG. 6: (Color online) The effects of transverse optical field,
with coupling ηeff/κ = 0.03, on single-Fano resonances are
presented in the absorption (real) and dispersion (imaginary)
profiles of output probe field as a function of normalized probe
field detuning ∆p/ωm and under the influence of normalized
effective detuning of the optomechanical system ∆/ωm. The
coupling strengths are same as in Fig.4. (a) shows absorp-
tion quadrature of output optical mode with different detun-
ing strengths ∆/ωm = 0.84 (blue curve), ∆/ωm = 0.87 (red
curve) and ∆/ωm = 0.9 (green curve). While, (b) accounts
for imaginary quadrature of output field having effective de-
tuning strengths ∆/ωm = 0.99 (blue curve), ∆/ωm = 1.02
(red curve) and ∆/ωm = 1.06 (green curve). Remaining pa-
rameters are same as in Fig.2.
cavity. Fig.4(a) and Fig.4(b) describe absorption and
dispersion profile,respectively, in output probe field as a
function of normalized probe detuning. Blue curve in
absorption shows Fano line with effective system detun-
ing ∆/ωm = 0.84. While, red and green curves in real
quadrature represent fano behavior under influence of ef-
fective detuning ∆/ωm = 0.87 and ∆/ωm = 0.9, respec-
tively. Similarly, blue curve in dispersion profile shows
the existence of Fano resonance with effective system de-
tuning ∆/ωm = 0.99. Besides, red and green curves in
imaginary quadrature of output field represent fano be-
havior under influence of effective detuning ∆/ωm = 1.02
and ∆/ωm = 1.06, respectively. We can observe, each
curve with different height follow a same dip in absorp-
tion and dispersion response which causes the formation
of resonance in out-going optical mode. By analyzing
these curves, one can predict the formation of Fano res-
onance in the output field.
We further investigate the existence of double-Fano
resonances in output probe field by introducing another
(a)
(b)
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FIG. 7: (Color online) The behavior of double-Fano reso-
nances are demonstrated in the absorption (real) and dis-
persion (imaginary) quadratures of output probe field as a
function of normalized probe field detuning ∆p/ωm and effec-
tive detuning ∆/ωm under the notable effects of transverse
optical field having strength ηeff/κ = 0.03. The system
coupling strengths are same as in Fig.5. (a) shows absorp-
tion profile of output field under effective detuning strengths
∆/ωm = 0.83 (blue curve), ∆/ωm = 0.85 (red curve) and
∆/ωm = 0.97 (green curve). On the other hand, (b) presents
dispersion quadrature of output field with effective detuning
values ∆/ωm = 1.05 (blue curve), ∆/ωm = 1.1 (red curve)
and ∆/ωm = 1.15 (green curve). All other parameters are
same as in Fig.2.
coupling in the optomechanical system and modifing ef-
fective detuning [45]. As the phenomenon of EIT is
very sensitive to the coupling with different degrees of
freedom in the system. Therefore by introducing an-
other coupling, we can convert single-Fano resonance to
double-Fano resonance. Fig.5 shows such double-Fano
resonances in the absorption and dispersion profile of out-
put probe field in the absence of transverse field coupling
ηeff/κ = 0 and as a function of normalized probe field
detuning ∆p/ωm and normalized effective detuning of the
system ∆/ωm. The coupling of intra-cavity optical mode
with moving-end mirror is Ga/ωm = 0.1 and the coupling
of optical mode with condensate mode is Ga/ωm = 0.08.
Fig.5(a) describes absorption and Fig.5(b) describes dis-
persion profile in output probe field as a function of nor-
malized probe detuning. Blue curves, in Fig.5(a) and
Fig.5(b), show the double-Fano line with effective detun-
ing values ∆/ωm = 0.85 and ∆/ωm = 1.1, respectively.
Similarly, red curves, in absorption and dispersion, ac-
commodate the double-Fano response under the influence
9of effective detuning ∆/ωm = 0.94 and ∆/ωm = 0.96, re-
spectively and green curves accounts for the influence of
effective detuning ∆/ωm = 0.87 and ∆/ωm = 1.15, re-
spectively. By analyzing these results, we come to know
the existence of single-Fano resonances as well as double-
Fano resonances in the output probe field of the system
[44, 45].
In previous Fano resonance results, we have ignored
the effects of transverse optical field coupling. But it
will be very important to keep these effects and ana-
lyze the behavior of Fano resonances. Fig.6 illustrates
such effects on single-Fano resonances emerging in out-
put field spectra in the presence of transverse field cou-
pling ηeff/κ = 0.03. Fig.6(a) shows real quadrature of
out-going mode where, blue, red and green curves corre-
sponds to the effective detuning strengths ∆/ωm = 0.85,
∆/ωm = 0.87 and ∆/ωm = 0.9, respectively. On the
other hand, Fig.6(b) represents imaginary quadrature
of output field where, blue, red and green curves cor-
respond to the influence of system detuning strengths
∆/ωm = 0.99, ∆/ωm = 1.02 and ∆/ωm = 1.06, respec-
tively. One can observe, how quadratures of singe-Fano
lines are increased due to the presence of transverse field.
Transverse optical field causes scattering of photon inside
the cavity which gives rise to intra-cavity photon num-
ber and this nonlinear factor brings modification to the
out-going optical mode of cavity. It is understood that if
we further increase the strength of transverse coupling,
it will definitely modify Fano behavior in output field.
Fig.7 shows similar behavior for double-Fano reso-
nances in real and imaginary profile of out-going probe
field under the influence of transverse field strength.
Fig.7(a) shows absorption and Fig.7(b) shows dispersion
behavior at transverse optical field strength ηeff/κ =
0.03. Blue curves, in Fig.7(a) and Fig.7(b), show the ef-
fects of ηeff/κ on double-Fano curves appearing in out-
going mode with effective detuning values ∆/ωm = 0.85
and ∆/ωm = 1.1, respectively. While, red curves, in
absorption and dispersion quadratures, illustrates the
effects on double-Fano response with effective detun-
ing ∆/ωm = 0.94 and ∆/ωm = 0.96, respectively and
green curves accounts for the similar response double-
Fano resonance under the influence of effective detuning
∆/ωm = 0.87 and ∆/ωm = 1.15, respectively. By com-
paring results of Fig.4 and Fig.5 with Fig.6 and Fig.7, we
can easily note the effects of transverse optical field on
the double-Fano resonance of the optomechanical system.
The absorption and dispersion quadratures of single-Fano
as well as double-Fano resonances are notably modified
by increasing transverse optical field strength which we
can observe in presented results.
VI. CONCLUSION
In conclusion, we discuss the controllability of elec-
tromagnetically induced transparency (EIT) and Fano
Resonances in hybrid BEC-optomechanical system which
is composed of cigar-shaped Bose-Einstein condensate
(BEC) trapped inside high-finesse Fabry-Pe´rot cavity
driven by a single mode optical field along the cavity
axis and a transverse pump field. As, the transverse op-
tical field directly interacts with condensate mode which
causes the scattering of transverse photon inside the cav-
ity, so, by varying transverse field, we can modify the dy-
namics of system. We have shown the controlled behav-
ior of electromagnetically induced transparency (EIT) in
output probe field by using transverse field. We dis-
cuss existence of single-EIT window in output field of
cavity-optomechanics in the absence of moving-end mir-
ror, which means intra-cavity optical mode was only cou-
pled to atomic mode (BEC) of the system. The single-
EIT as well as double-EIT windows in output probe laser
field are efficiently amplified by increasing the strength
of transverse optical field. Furthermore, the single and
double-Fano resonances are discussed in out-going probe
field of the system. The influence of transverse optical
field is also been studied on Fano resonances of the sys-
tem. Moreover, we have suggested a certain set of ex-
perimental parameters to observe these phenomena in
laboratory.
In future, we will apply this method of control to dis-
cuss the nonlinear dynamics of hybrid system, especially
to explore dynamics of interacting Bose-Einstein conden-
sate in such complex systems. Besides, we intend to ex-
tend this method to study the controllability of novel
phenomenon like entanglement. Additional goals include
the study of effects of spin-orbit coupling [7, 8] using
magnetic field in hybrid BEC-optomechanical systems.
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